Abstract A 3D Magnetohydrodynamics (MHD) arc model in conjunction with an arc movement model is applied to simulate the arc rotation as well as to solve its effect on the pressure in an auto-expansion circuit breaker. The rotation of the arc driven by an external electromagnetic force is simulated in the case with 200 kA of the short circuit current and 16 ms of arc duration. The arc rotating process and the speed of arc rotation have been obtained in the simulation. A comparison of the pressure in the expansion volume with and without an external magnetic field has been carried out based on the calculation results of two cases. The results of the simulation reveal that the arc rotation, which causes more energy exchange between the arc and its surrounding gas, can evidently bring about the pressurization in the expansion volume, which would contribute to more effective arc quenching at current zero and further reducing operation power.
Introduction
An auto-expansion circuit breaker utilizes the arc energy, which is absorbed partly by the SF 6 gas of the surrounding arc, to create high pressure in the expansion volume in the arc burning period for arc quenching at current zero. The pressure is related with the history of the arc, especially the current and the arc duration. If an electromagnetic force drives the arc to rotate rapidly through SF 6 , the pressure will be raised further in the expansion volume. These could improve the ability of current interruption at current zero [1−3] . There have been numerous papers devoted to the simulation of the arcing process in circuit breakers. At present, most of the arc simulations are based on a 2D arc model [4−10] , and the arc is assumed to be axisymmetric. However, a 3D arc model is required to simulate the arc rotating under an external magnetic field because of the nonaxisymmetrical arc considered.
In recent years some studies relevant to circuit breakers have developed 3D arc models [11, 12] . In Ref. [11] , the authors analyzed arc self-rotation under an axial magnetic field in a vacuum interrupter; however, they did not consider the movement of the arc. In Ref. [12] , a 3D time-dependent model was used in a small test chamber to simulate the DC arc rotation under an external magnetic field; however, the turbulent effects on the gas performance were not considered, which is very important in the simulation of arc rotation. Ref. [1] concentrates on the details of the relation between plasma current deformation and instability phenomena; however, the impacts on the flow field, especially the pressure of the expansion volume, were not researched. Meanwhile, the arc rotation speed is not involved, either. This paper presents a 3D dynamic arc model based on MHD equations to simulate the arc rotating in an interrupter. The arc movement is simulated with a chain arc model. Calculations of the pressure field and velocity field in the chamber during the arc duration are performed. The arc movement speed is obtained and the pressure of expansion volume with and without external magnetic field is compared under given condition of arc current and arc duration.
The mathematical model

The arc model
An MHD model of an arc is presented based on the Navier-Stokes equations combined with the Maxwell equations in this paper. The Navier-Stokes equations are modified by additional source terms because there * supported by National Natural Science Foundation of China (Nos. 51177005 and 51477004) is a coupling between arc plasma, its surrounding flow and the electromagnetic field in the arcing chamber.
The local thermodynamic equilibrium (LTE) is assumed for the arc model. Thus, the thermodynamic properties and transport coefficients of SF 6 gas are functions of temperature and pressure. The data [13] based on LTE assumption is used in the present work. These conservation equations can be written as follows [14] : Continuity conservation,
Momentum conservation,
Energy conservation,
Where ρ is the density, V is the vector of the velocity, v i is the ith component of the velocity vector in the Cartesian coordinates x i , p is the pressure, F i is the Lorentz force in the ith direction, φ i is the molecular viscosity term in the ith direction, h is the enthalpy, k is the fluid thermal conductivity, σE 2 is the Joule heat, q is the net radiation loss, and φ is the dissipation function due to the viscosity.
The Lorentz force and the electric field in conservation equations can be solved from the following equations.
∇ · (σ∇ϕ) = 0,
where ϕ is the electric potential, E is the electric field intensity, J is the current density, σ is the electrical conductivity, A is the magnetic vector potential, B is the magnetic field, and µ 0 is the magnetic permeability of free space.
For an arcing process, turbulence is very important in energy transfer because the arc energy with the high temperature is continually exchanged with its surrounding cold gas; according to Ref. [15] , the characteristics of the arc predicted with the K -ε model instead of the laminar model in an arc model is in reasonable agreement with the experiment. This is also the reason that the K-ε model has been widely used for arc modeling. The standard K-ε turbulence model is therefore employed in our current work.
Net emission coefficient (NEC) by Liebermann and Lowke [16] is widely used to approximately calculate the arc energy transport by radiation for making a reasonable temperature prediction for the arc. The net radiation coefficient is a function of pressure, temperature and arc radius and is defined as the power loss of the radiation per unit volume and unit solid angle. The radiation loss q is calculated using the radiation transport model in Refs. [17, 18] ; this model assumes a monotonic radial temperature profile. The maximum temperature in the center of the arc is T max . The arc core is defined as the region from T max to 0.83T max along the radial direction. The radiation emission region is in this region. In the arc core region, net radiation loss depends on the radius, pressure and temperature of the arc, where the relationship is satisfied by NEC. The area between 0.83T max and 4000 K isotherm is defined as the reabsorbed region. In the reabsorbed region, we have assumed that 50% of the radiation emitted from the central region is reabsorbed and the other 50% escapes from the arc [19, 20] . The ablation of the PTFE nozzle and contacts erosion are ignored respectively due to the arrangement of the chamber and as we are only interested in arc rotation in our present work.
The arc movement model
In this paper, a chain arc model is used for simulating a moving arc in the SF 6 gas. The arc in this model is assumed to be a chain arc, which consists of a lot of the short cylindrical arc (called arc element) in a series. All the movement of the arc element is combined to form the movement of the arc. Because the arc is divided into a lot of arc elements in a series, calculating the movement of each arc element is more reasonable for the simulation of arc rotation.
In the chain arc model, every arc element is affected by both the Lorentz force F m and the gas resistance F D during its arcing process. The directions of F m and F D are opposite [21] , and they can be described as follows.
where m is the mass of arc element. C D is the resistance coefficient, it is dimensionless and affected by Reynolds number, ρ is the density of SF 6 , I is the arc current, while R a and L are the radius and length of the arc element respectively. Because the mass density of the arc is far less than that of SF 6 gas, its mass can be ignored here. For every arc element, it is considered that F m and F D are balanced and the arc is in uniform motion in every time interval according to Eq. (10) [22] . From Eqs. (10)- (12), the rotating speed of the arc element can be deduced.
where v a is the speed of the arc element, B is the external magnetic field, I is the current of the arc, C D is the resistance coefficient taken from Ref. [23] , D is the diameter of the arc element, and ρ is the density of SF 6 . So, the position of a rotating arc can be determined in each interval and the arc rotation can be simulated in the arcing time.
3 Simulation results and analysis
Initial and boundary conditions
An arc chamber whose schematic diagram is shown in Fig. 1 in Cartesian coordinates is used for the simulation of the arcing process in the present work. The origin of coordinates is at the upper left corner in the computational domain. The sizes of the chamber in the x, y and z directions are respectively 0.5 m, 0.5 m and 0.5 m. The cuboid computational domain is divided into a hexahedral mesh of about 1×10
6 cells for the numerical calculation. For the axisymmetric structure of the arcing chamber, the y-z plane represents the radial plane, and the x direction is the axial direction of the chamber. The axial distance between the moving contact and the fixed contact is 36 mm in the present simulation. The boundary of the computational domain for the electromagnetic field sets to all the surfaces of the chamber with a cylinder-shape in Fig. 1 . ∂ϕ/∂r=0 is assumed along the radius direction on the side surface of the cylinder. The electrical potential of the fixed contact and right end surface is set at zero and that of the moving contact is solved under the given arc current. As the size of the chamber is much larger than the arc size itself, the magnetic vector potential at all the surfaces of the chamber is assumed to be zero as the boundary condition [16] .
For the gas flow, the walls of the expansion volume, puffer chamber and nozzle are treated as non-slip surfaces with zero gas velocity. The gas velocity at the expansion volume wall and the contact surface is set to be zero.
The arc chamber is initially filled with SF 6 at an absolute pressure P 0 of 0.6 MPa at temperature T 0 of 300 K. The gas velocity is 0 in the computational domain initially.
A commercial general purpose computation fluid dynamics package, PHOENICS, is employed in this study. The FORTRAN code is developed to finish the complete description of the arc.
The arcing process is simulated with a symmetrical arc current of 50 Hz 200 kA rms and the 16 ms of arc duration under the gap of contracts of 36 mm. The peak current is at 1 ms and 11 ms, and the zero current is at 6 ms and 16 ms, respectively.
An external magnetic field B x is applied in the axial direction, where the direction is changed with the current and B x is set as 0.02 T. Simulations of the arcing process with and without the external magnetic field are completed, respectively.
Arc rotation under an external magnetic field
Based on the above mentioned models, the arc rotating process is simulated in the chamber shown in Fig. 1 . The results are shown in Fig. 2 , which is a group of temperature distributions at the section A-A' from the right side view in Fig. 1 . The section A-A' is very close to the fixed contact. The circular ring in each picture is the position of fixed contact. The process of arc rotation can be seen from the temperature distribution in the chamber. The rotation speed of the arc on the section A-A' can be calculated in each interval by Eq. (13), where the diameter of the arc and the density of SF 6 are respectively from the results of the arc simulation in the interval, and the arc current is the transient value at this moment. Because the rotation of the arc is along the circular fixed contact, the rotation speed on section A-A' is the moving distance of the arc along the circle in a time interval divided by the corresponding time. The speed on section A-A' is shown in Fig. 3 during  16 ms of arc duration.
It can be seen that the speed of arc rotation changes over time due to the change of arc current with time, the two amplitudes are 26.4 m/s and 26.1 m/s, respectively, at 1 ms and 11 ms and their arc radii and temperatures are maximal accordingly. The two minimal speeds are 1.57e-4 m/s and 0 m/s at 6 ms and 16 ms, respectively, and the arc temperature is minimal accordingly. According to the simulation, the time of a cycle of arc rotation is about 8 ms, and the corresponding frequency is about 125 Hz under our given condition. The SF 6 gas in the expansion volume is heated meanwhile by the arc as the arc rotation. Fig.2 The temperature distribution of arc rotation at different moments with 16 ms of arc duration at the section A-A' Fig.3 The variation of arc rotating speed with time 3.3 Effect of an external magnetic field on pressure
The pressure in the expansion volume is an important parameter and is paid close attention by designers of auto-expansion circuit breakers. The pressurization, affecting the interruption performance of the interrupter, relies mainly on the arc energy absorbed by SF 6 during the arc duration. A larger pressure difference between the expansion volume and the downstream can contribute to more efficient arc quenching.
In order to investigate the effect of arc rotation on the pressure of the expansion volume, two calculations are finished with and without an external magnetic field, respectively. Under the case without an external magnetic field, the arc is assumed to be axis-symmetrical and burns between the static contact and the moving contact. Fig. 4 shows the variation of pressurization in the expansion volume in the arcing period with and without the external magnetic field. The pressure rises slowly to a certain value with the fall of current from 0 ms to 3 ms and changes a little from 3 ms to 6 ms under the case without the external magnetic field (case 1). However, for the case with the external magnetic field (case 2), the pressure increases clearly and keeps going up from 0 ms to 6 ms in spite of the current fall from the peak to 0. This shows that the arc rotation would cause a valid pressurization under the case of the current fall and the shorter arc duration. The pressurization is 2.5 times higher than the case 1 at 6 ms (first current zero). The high rise of the pressure for the two cases is caused from 7 ms to 14 ms because of the increase of current, and the pressure for the second case increases more quickly and sharper; they tend to be stable after 14 ms. Obviously, the pressure under case 2 is increased higher due to more energy exchange between arc and gas by arc rotation. The pressurization is about 1.5 times higher than case 1 at 16 ms (second current zero) under our simulation condition. Based on our present simulation, the pressure of the expansion volume could be increased further by an arc rotation in the auto-expansion circuit breaker and the operation power could be decreased further for this circuit breaker. A 3D arc model making use of MHD equations and an arc movement model are successfully applied to simulate the arc rotation in the SF 6 auto-expansion circuit breaker under an axial external magnetic field.
The arc is driven to rotate by the electromagnetic forces arising from an axial external magnetic field. Results show that the external magnetic field has obviously had an influence on the gas flow field of the chamber with the designed chamber and given short circuit currents in the present investigation. The arc rotation under the external magnetic field has a faster energy exchange and leads to higher pressure of expansion volume during the arc duration. For 125 Hz of the cycle of arc rotation obtained in the present work, the pressurization in expansion volume is about 50% higher than that without an external magnetic field at the final current zero. All these results would contribute to more effective arc quenching at current zero and improve the interruption performance and reduce the operation power. 
